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INTRODUCTION
Available peak-discharge data are used in floodfrequency studies to estimate the magnitude and frequency of floods that can occur at gaged sites. Estimates of magnitude and frequency of floods are used when planning and designing structures such as dams, bridges, culverts, highways, and buildings. These estimates are also needed at ungaged sites. Estimates at ungaged sites may be computed by regression of flood magnitude and frequency information at gaged sites with drainage-basin and climatic characteristics. Because of the need for assessing existing storm-drainage design standards, and for preparing new standards, the Department of Public Works, City and County of Honolulu, entered into a cooperative study with the U.S. Geological Survey (USGS) to develop estimates of the magnitude and frequency of floods for the island of Oahu.
PURPOSE AND SCOPE
The purpose of this report is to present, for unregulated streams on the island of Oahu, estimates of the magnitude and frequency of floods at gaged sites and techniques that can be used to estimate the magnitude and frequency of floods at ungaged sites. In addition, this report compares the results of applying regression equations to observed peak discharges, the log-Pearson Type III estimates, estimates from the design curves in the 1988 City and County of Honolulu storm drainage standards, and estimates from regression equations by Nakahara (1980) . This report uses peak-discharge data collected through water year 1988 at 79 gaging stations on the island of Oahu, Bulletin 17B guidelines (Interagency Advisory Committee on Water Data, 1982) for floodfrequency analysis, multiple regression techniques, generalized least-squares regression analysis designed for use with peak-discharge data, and geographic information system (GIS) technology for computing drainage-basin and climatic characteristics.
DESCRIPTION OF STUDY AREA
For this flood-frequency study, information on the physiographic and climatic characteristics related to flood hydrology is used to select drainage-basin and climatic characteristics that can influence the magnitude of floods. This information is also used to delineate regional hydrologic boundaries.
PHYSIOGRAPHY
The island of Oahu is located in the Pacific Ocean at about latitude 21°30'N and longitude 158°W ( fig. 1 ). Oahu, with an area of 608 mi 2, is the third largest island of the Hawaiian island chain. Like the other Hawaiian islands, Oahu was created by volcanic activity and shaped by erosional forces. The current topography is dominated by two mountain ranges, the Koolau and the Waianae, both of which are eroded remnants of great elongated shield volcanoes (Macdonald and others, 1983) . The two ranges are approximately parallel and trend northwest to southeast ( fig. 1 ). The Koolau Range ranges in altitude from sea level to 3,150 ft, with most of the crest at altitudes of 2,000 to 2,700 ft. The Koolau Range is characterized by steep cliffs on the northeastern (windward) face and slopes incised by large, deep valleys on the southwestern (leeward) side (Armstrong, 1983) . The Waianae Range is similar, but has its steep cliffs on the southwestern side and slopes incised by large, deep valleys on the northeastern face (Armstrong, 1983 ). Altitudes range from sea level to 4,025 ft on the Waianae Range, but most of the crest is between 2,000 and 3,000 ft. Most drainage basins, regardless of shape, are characterized by amphitheatershaped valley heads, steep walls, and gently sloping floors. Two basin shapes are predominant: the long, narrow valleys with V-shaped cross-sections and the short, broader valleys ( fig. 2 ). Most short, broad valleys are along the windward side of the Koolau Range. Similar shapes are found along the southwestern side of the Waianae Range. Long, V-shaped basins are found on the leeward side and northern part of the Koolau Range and along the northeastern side of the Waianae Range.
CUMATE
Oahu has a warm, humid climate and two seasons per year: a wet winter season from October through April and a dry summer season from May through September (Blumenstock and Price, 1967) . Temperature is fairly uniform, both spatially and temporally, usually ranging between 60 and 80°F. Rainfall varies seasonally, and most precipitation falls during the wet season. The median annual rainfall of 20 to 275 in/yr varies spatially (Division of Water and Land Development, 1982) . The wide spatial distribution of rainfall is caused by the prevailing northeasterly trade winds and the topography of the island. Orographic lifting and cooling of the trade winds produces heavier and more frequent rainfall on the windward side and near the crest of the Koolau Range. The Waianae Range, lying in the rain shadow of the Koolau Range, receives significantly less rainfall.
FLOOD HYDROLOGY
Floods on Oahu, other than those generated by high ocean waves, are caused by high-intensity rainfall. Because the predominant northeasterly trade winds do not usually bring flood-producing rainfall, most major rainstorms are caused by the non-trade wind or Konawind condition. The Kona-wind condition frequently occurs from October through April and can bring intense local showers affecting a small area, sometimes with thunder and lighting, or it can blanket the entire island with rain. A review of 2,317 recorded annual peak discharges with known dates shows that 89 percent of the peaks occurred between October and May ( fig. 3 ). This distribution of peak discharges follows the general seasonality of Kona-wind storms. Hurricanes and tropical storms can also bring heavy rains as well as high waves. Unrelated to the above conditions are rare storms caused by low pressure areas in the upper atmosphere (Blumenstock and Price, 1967) . When this condition exists, trade-wind conditions are capable of producing heavy downpours (Ekern and others, 1971) . In fact, some of Oahu's heaviest rains, such as the New Year's Eve Storm of 1987-88 (Division of Water and Land Development, 1988) , have been caused by upper-level low pressure areas above trade winds.
High-intensity rainfall, small drainage-basin size, steep basin and stream slopes, and little channel storage, produce floods that are flashy. Most drainage basins have rapid runoff response to rainfall characterized by a steep triangular shaped hydrograph and usually with a time to peak of less than 1 hour (Ekern and others, 1971) . Most drainage basins are not homogeneous, and have different characteristics in upstream and downstream areas. In general, the upstream ends of basins are steep mountain slopes, which cause rapid rates of runoff, and the downstream ends are flat coastal plains, which result in slower rates of runoff. Extreme floods also transport large volumes of sediment, including large boulders, which can scour, damage, and inhibit flood control works and other hydraulic structures located downstream. Damaging floods, at 
one time or another, have occurred in most inhabited areas of Oahu (Wu, 1967; Division of Water and Land Development, 1983) .
PREVIOUS STUDIES
In 1957, the USGS, in cooperation with the Division of Water and Land Development, Department of Land and Natural Resources, State of Hawaii; and the Department of Public Works, City and County of Honolulu, created a program to collect peak-discharge data for the investigation of the magnitude and frequency of floods on Oahu. The ultimate goal of this program was to define the magnitude and frequency of floods on a regional as well as an island basis. To accomplish this, a crest-stage gage network for measuring peak discharges was created. By the following year, 1958, the number of streamflow-gaging stations on Oahu increased from 24 to 28 and 22 creststage gages were installed (Lee, 1978) .
From 1958 to 1974, a series of annual reports on the peak-discharge data-collection program was published by the USGS under the title "An Investigation of Floods in Hawaii." This series listed annual peak discharges at gaged sites. Only reports number 5 (Vaudrey, 1963) and number 15 (Nakahara, 1973) gave flood-frequency curves for selected streams. Vaudrey (1963) used the distribution-free graphical method (Dalrymple, 1960) and Nakahara (1973) followed the U.S. Water Resources Council Bulletin 15 guidelines (U.S. Water Resources Council, 1967) .
In 1957, T. Mitsuda and J. Tanaka developed the first storm drainage-design criteria published by the City and County of Honolulu (1957) . This manual presented flood-frequency curves for 12 streams fitted by the (Type I extremal) Gumbel distribution. Dodo and Ling (1958) reproduced the Mitsuda and Tanaka flood-frequency curves in their storm-drainage report for the City and County of Honolulu, City Planning Commission. For ungaged drainage areas, both reports recommended the use of the rational method and correlation with gaged basins of similar physiographic conditions. An earlier effort by Carson (1939) presented flood-intensity frequency curves for three streams on Oahu.
A review by Chow (1966) of the above drainagedesign criteria made no mention of frequency curves but did present two envelope curves based on maximum recorded peak discharges. These two curves regionalized Oahu into windward and leeward (including Honolulu) areas (Chow, 1966) . This division was based on drainage-area size, location of the streamflow gages, and the probable maximum precipitation values. The 1969 City and County of Honolulu storm drainage standards (1969) adopted Chow's envelope curves. The recurrence intervals for these envelope curves were determined by Wu (1967) to be between 50 and 100 years. As a continuing development, the 1988 storm-drainage standards (City and County of Honolulu, 1988) modified the envelope curves into design curves approximating the 100-year flood and regionalized Oahu geographically into three regions.
To provide for a uniform technique for determining flood frequencies, the U.S. Water Resources Council published Bulletin 15 (U.S. Water Resources Council, 1967) . Bulletin 15 guidelines endorsed the log-Pearson Type III distribution for determining flood-frequency curves to be adopted by all federal agencies. In 1970, the State of Hawaii adopted the Bulletin 15 guidelines (Division of Water and Land Development, 1970) . The log-Pearson Type III methodology has been updated and currently Bulletin 17B guidelines (Interagency Advisory Committee on Water Data, 1982) are used.
A study of flood hydrology of drainage basins with areas of less than 10 mi 2 on the island of Oahu by Wu (1967) gave flood-frequency curves for selected streams using the Gumbel distribution. Wu was the first to apply multiple-regression methods on Oahu to estimate the magnitudes of 100-year floods. Wu (1967) gave two regional flood formulas for the 100-year flood using data from 23 drainage basins. These equations related the 100-year peak to four basin and climatic characteristics: drainage area, watershed length, watershed height, and the 100-year, 24-hour rainfall. The island was divided into four geographic regions; one equation was applicable for the windward region, and the other equation for Honolulu and central Oahu regions. The last region, Waianae, had insufficient data for analysis. No standard error of estimate for the regression equations was given.
The last flood-frequency study on Oahu to use the Gumbel distribution was done by Cheng and Lau (1973) . Cheng and Lau used the Gumbel distribution to develop flood-frequency curves for gaged streams and the index-flood method (Dalrymple, 1960) to provide regionalized flood-frequency estimates. Results from the index-flood method regionalized Oahu into four contiguous and one non-contiguous region.
An analysis of the stream-gaging network in Hawaii by Yamanaga (1972) derived regression equations for peak flow, mean flow, flow variability, flood volume, and low flow for the entire State of Hawaii. The peak-flow equations were for the 2-, 5-, 10-, 25-, and 50-year recurrence intervals and were geographically regionalized into two regions, the windward and leeward sides of each island in the State. These equations related the estimates computed by the log-Pearson Type III distribution to various combinations of drainage-basin and climatic characteristics. Among the characteristics used were drainage area, main channel length, mean basin altitude, mean annual precipitation, percentage of gentle slope, and range in basin altitude. Standard errors of estimates for the regression equations ranged from 42 to 63 percent In 1975 the USGS (Lee, 1978) derived regional flood-frequency regression equations for Oahu. This study "regionalized" Oahu by drainage-basin size but not geographically. However, the study remained unpublished because of some doubt regarding the "uniformity" of flood-flow frequencies at that time (Reuben Lee, written commun., 1978) . Nakahara in 1980 applied multiple regression analysis for regional analysis and divided Oahu into three regions using the method of residuals (Nakahara, 1980) . Flood estimates for the 2-, 5-, 10-, 25-, 50-, and 100-year recurrence intervals using guidelines from Bulletin 17A (U.S. Water Resources Council, 1977) were related to drainage area, forest cover, and the 2-year, 24-hour rainfall. Standard errors of estimates for the regression equations ranged from 33 to 67 percent. Wong (1991) compared the index-flood method, cluster analysis, and method of residuals for the regionalization of drainage basins on Oahu. Results showed that all three methods gave comparable regression standard errors of estimates. The method of residuals was used to regionalize Oahu into four regions. Standard errors of prediction for the generalized least-squares regression equations ranged from 18 to 57 percent.
The present study improves on the work by Wong (1991) and differs from other previous flood-frequency studies for Oahu by using additional gaging stations, longer periods of record, updated guidelines (Bulletin 17B), GIS procedures for computing drainage-basin and climatic characteristics, and generalized leastsquares regression techniques.
DATA BASE FOR REGRESSION EQUATIONS
Flood-frequency estimates at gaged sites can be transferred to ungaged sites by regression analysis. For regression analysis, both the dependent and independent variables must be available in quantitative form. The applicability of the derived regression equations depends on reliable and consistent information derived from records of peak discharge at gaging stations, a method to estimate magnitude and frequency of floods, and procedures to estimate drainage-basin and climatic characteristics.
ANNUAL PEAK-DISCHARGE DATA
The most fundamental part of a flood-frequency study is the collection and analysis of annual peakdischarge data. The annual peak discharge is the largest instantaneous discharge recorded each year at gaged sites. As of water year 1988, there were 70 active gaging stations on Oahu, of which 28 were (continuous recording) streamflow-gaging stations and 42 were crest-stage gaging stations (Nakahara and others, 1989) . A continuous-recording gage collects data on the entire range of streamflows, whereas a crest-stage gage collects only peak-discharge data. In addition, peakdischarge data have been collected at gaging stations that have subsequently been discontinued. Bulletin 17B guidelines (Interagency Advisory Committee on Water Data, 1982) recommend a minimum of 10 years of data for flood-frequency studies. The use of the 10-year data minimum allows for a good representative sample of the type of flood data involved. Because of climatic changes, a small sample may not be representative of all flow possibilities. Wu (1967) determined that for Oahu, wet and dry years alternated in cycles of 3 to 4 years and recommended a 12-year data minimum. A review of the current annual peak-discharge data show that this 3 to 4 year cycle was more apparent in the annual peakdischarge data for windward Oahu drainage basins than for the basins on the leeward side. The annual peakdischarge data for stations on the leeward side generally showed a greater variability in year-to-year magnitudes.
There were 82 gaging stations on Oahu with 10 or more years of record available for flood-frequency analysis. Three stations were eliminated because their annual peak discharges were affected by significant diversion or regulation. Diversions were considered significant at stations where the measured diversions exceeded 30 percent of the mean daily discharge on the day that the annual peak discharge occurred. Significant regulation was defined as a flood-control reservoir controlling more than 50 percent of the drainage basin. No stations were eliminated because of urbanization within the basin boundaries. Annual peak discharge series for drainage basins with some urbanization showed no significant trends or differences in the peak discharges when compared to nearby non-urban basins. The final 79 stations used in this study are listed in table 1 and shown in figure 1. For this report, the prefix 16 of the eight-digit station number has been dropped. For example, the abbreviated station number 211500 is used rather than the complete number 16211500.
Annual peak-discharge records for the 79 gaging stations, as of water year 1988, had record lengths ranging from 11 to 72 years (table 1) and a mean of 29.6 years. Of the 79 stations, 65 had record lengths longer than 20 years and the total years of record for all 79 stations is 2,335 station-years. Of these 79 stations, 42 are crest-stage gages and 37 are continuousrecording streamflow-gaging stations (table 1).
FLOOD-FREQUENCY DATA
A flood-frequency analysis uses available annual peak-discharge data to estimate the frequency and magnitude of floods that can occur. In a frequency analysis, a theoretical frequency distribution is assumed for the population of floods and the statistical parameters of this distribution are computed from the peak-discharge sample data (Kite, 1977) .
Following the Bulletin 17B (Interagency Advisory Committee on Water Data, 1982) guidelines, floodfrequency curves were developed for each gaging station by using the log-Pearson Type III distribution. The log-Pearson Type III distribution is characterized by three statistics: the mean, standard deviation, and skew coefficient. These three statistics are computed from the logarithmic transformation of annual peak discharges. The skew is the numerical measurement of the lack of symmetry. If the skew coefficient is zero, then the log-Pearson becomes identical to the lognormal distribution (Cudworth, 1989) . Bulletin 17B gives a generalized skew map for determination of skew. A generalized skew of -0.05 for Hawaii, from the skew map, was used for all frequency computations in this report. Lee (1984) computed a generalized skew of-0.14 for the State of Hawaii. However, this skew value was reported as not being significantly different from -0.05 (Lee, 1984 ) so use of the -0.05 value was considered satisfactory.
Program J407 in WATSTORE (Kirby, 1979) , which has been updated to Bulletin 17B guidelines, was used to generate the station frequency curves. As part of this analysis, the annual peak-discharge series were tested for outliers. Outliers are data points which depart significantly from the remaining data and can significantly affect the statistics used to compute the flood frequency curve (Interagency Advisory Committee on Water Data, 1982, p. 17) . Results for the five stations that had high outliers detected were not adjusted because the required historic information was not available. The 18 stations that had low outliers deleted (table 2) were adjusted using the conditional probability adjustment given in Bulletin 17B. The three statistics used to characterize the annual peak discharge series for each station are listed in table 2. Final frequency curves were determined by making adjustments as recommended by Bulletin 17B guidelines.
From the flood-frequency analysis, values of peak discharge were obtained for the 2-, 5-, 10-, 25-, 50-, and 100-year recurrence intervals. The estimated peak discharges for these recurrence intervals and the maximum known floods of record are given in table 3 (at end of report). The accuracy of these flood estimates can be computed in terms of standard error in log units by methods given by Hardison (1969 Hardison ( , 1971 . The accuracy of the flood estimate is a function of record length, standard deviation of the annual peak discharges, correlation between the mean and standard deviation of the annual peak discharges, skew coefficient, and the recurrence interval. 1913-53; 1960-p 1914-53 1947-68 1945-57 1958-p 1958-72 1963-p 1967-p 1958-p 1958-p 1960-p 1966-p 1961-p 1958-p 1968-p 1968-p 1956-p 1958-p 1958-p 1957-p 1952-p 1953-p 1955-69 1952-p 1954-p 1930-33; 1954-p 1954-79 1927-p 1969-p 1958-70 1971-p 1968-p 1917-p 1960-p 1959-p 1958-p 1915-83 1914-p 1927-82 1927-71 1953-79 1968- 
DRAINAGE-BASIN AND CLIMATIC CHARACTERISTICS COMPUTED BY A GEOGRAPHIC INFORMATION SYSTEM (GIS)
To perform a regional regression analysis, drainage-basin and climatic characteristics that can be related to peak discharges must be quantified in a consistent manner. GIS software was used to compute values for 13 of the 15 characteristics described in this section. The main-channel slope and drainage-basin area were computed by the manual methods of Nakahara (1980) . The 13 remaining characteristics were determined using seven digitized coverages that contained drainage-basin outlines, stream-channel lengths, area of forest cover, area of urban cover, topographic contours, lines of equal median annual rainfall, and lines of equal 24-hour rainfall intensities that have a 2-year recurrence interval. All coverages except topographic contours were digitized from Ihe relevant data on the 1983, 1:24,000 topographic quadrangle maps of Oahu. The lines depicting median annual rainfall and the 2-year, 24-hour rainfall intensity were first transferred to the topographic maps and then digitized. The topographic contour map was created by using the digital elevation model for the island of Oahu (U.S. Geological Survey, 1987) . The digital elevation model was converted by GIS software to a topographic contour map coverage with contours at 40-meter intervals. Basin and climatic characteristics for each of the gaged drainage basins used in this study are listed in table 4 (at end of report). A statistical summary for each of the characteristics is given in table 5. Descriptions of the drainage-basin and climatic characteristics along with the methods for their computation are given below.
BW: The average drainage-basin width, in miles, determined as a ratio of drainage-basin area (DAG) to main-channel length (CL): BW = DAG / CL. BW is computed after both drainage area and channel length have been determined. CL: The main-channel length, in miles, is the distance along a stream from the gaging station to the drainage-basin divide. Channel length was determined by GIS from digitized l:24,000-scale topographic maps. If a stream flowed through many smaller basins (a major basin stream), the longest possible route was determined and the lengths of stream segments flowing through the sub-basins were added together. CLD: A shape factor of a drainage basin computed by calculating the ratio of main-channel length (CL) to the diameter of a circle having the same drainage area as the basin (CLD = CL/diameter). The inverse of this factor, diameter divided by channel length, is known as the elongation ratio (Chow, 1964, p.4-51) . This shape factor often is used to relate time of flow concentration to basin shape (Davis, 1974) . Large CLD values characterize long, narrow basins whereas small values denote short, wide basins.
CS: The main-channel slope of a drainage basin, in feet per mile. This value is computed by dividing the altitude difference between points located at the 10-percent and 85-percent distances of the main-channel length (CL) measured upstream from the gaging station, by the distance between these points (Benson, 1962) . This characteristic was not computed by GIS.
DA: Area of a drainage basin, in square miles. Determined by planimeter following standard USGS guidelines on 1:24,000 topographic maps. These values have been previously published for each gaging station in the annual data reports (Nakahara and others, 1989) .
DAG: Area of a drainage basin, in square miles. Determined by GIS from digitized basin outlines on 1:24,000 topographic maps. For basins that consist of more than one drainage basin (major basins), the areas of the smaller basins (sub-basins) were added together. E: The mean drainage-basin altitude, in feet above mean sea level, measured by overlaying a GIS coverage of drainage basins on a 40-meter contour coverage created from a digital elevation model and then calculating the area-weighted average to obtain a mean altitude in that basin. An area-weighted average is computed by multiplying the average altitude between two contours by the area between the same two contours and then summing up all these products and dividing by the total basin area. The value in meters was converted to feet.
FC: Forest/vegetative cover of a drainage basin, in percent. This variable is the ratio of the drainage area covered by forests and/or vegetation, as shown in green on the 1:24,000 topographic maps, to its total drainage area. Computed from a GIS coverage, which differentiated the green areas within each drainage basin.
MR: The meander ratio, a dimensionless measurement computed as the ratio of the main-channel length (CL) to the length of the valley. (MR = CL/length of valley), where the length of the valley was determined by measuring a straight line or series of straight lines not exceeding five line segments, that linearize the stream's path in the drainage basin, between the gaging station and the basin divide. High values signify high meandering whereas values close to one indicate nearly straight streams. P: The median annual rainfall, in inches, determined by overlaying a GIS coverage of lines of equal median annual rainfall on the drainage-basin coverage and then computing the area-weighted average of rainfall in each basin. Lines of median rainfall were from the Division of Water and Land Development (1982) .
P224: The 2-year recurrence interval 24-hour rainfall intensity, in inches, was computed by overlaying a GIS coverage of the 2-year, 24-hour rainfall on a drainage-basin coverage and computing the area-weighted average of rainfall in each basin. Lines of equal rainfall intensity were from Giambelluca and others (1984) .
PA: The convexity ratio, which is a measure of boundary regularity. It is computed by dividing the perimeter of a basin by its area (PA = PER / DAG).
PER: The perimeter of the drainage basin, in miles. Determined by GIS from the digitized drainage-basin coverage. For major basins, the perimeter was determined by summing all line segments that outlined that basin. RF: A shape factor determined by dividing the drainage area by the square of the main channel length (RF = DAG/CL2). This factor can also be considered as the basin width divided by channel length (RF = BW/CL = DAG/CL2).
UC: Urban cover of a drainage basin, in percent. This variable is the ratio of the drainage area covered by the urban development, as shown in pink on the 1:24,000 topographic maps, to its total drainage area. Determined from a GIS coverage, which differentiated the pink areas within each drainage basin. The convenience and precision in determining the drainage-basin characteristics were greatly improved by using the GIS. The use of GIS therefore allowed for a larger number of characteristics to be considered in the regression analysis. Among these characteristics were a number of different basin-shape factors (CLD, PA, and RF). However, the drainage areas computed from GIS (DAG) compared with the previously determined drainage areas (DA) had an mean absolute difference of 0.09 mi 2 . Ideally, there should be no difference. A further review of the drainage areas showed that only two DA's had differences greater than 10 percent, when compared with the DAG's. These two stations, 211200 and 247100, accounted for 43 percent of the differences in drainage area. For these two stations, the original computations were found in error. Drainage areas for the two stations were revised to the DAG values. After these corrections, the mean absolute difference between the DA's and DAG's was 0.05 mi 2. Because of this difference, a hypothesis test was done to see if there were any differences in the mean values between the DA's and DAG's. For this test, the null hypothesis was that no differences exist. Using the nonparametric Wilcoxon signed-ranks tests (Iman and Conover, 1983) with a significance level of 1 percent (0.01), the null hypothesis was accepted with a p-value of 0.79. The pvalue being the smallest significance level that would allow the null hypothesis to be rejected (Iman and Conover, 1983) . Therefore, the use of the GIS-derived characteristics is acceptable. However, because all the DA values are previously published, the DA's were used except for the two stations where corrections were made in the regression analysis.
REGRESSION ANALYSIS
The ordinary least-squares estimator used in traditional regression analysis assumes that the errors or residuals are random, uncorrelated, normally distributed, and have equal standard deviations (Draper and Smith, 1981) . Therefore, all stations used in the regression analysis are given equal weight. However, these conditions are not always met with hydrologic data, because streamflow records at gaged sites used in the regression analysis are of different record lengths. In addition, cross-correlation of concurrent flows among nearby gaged sites can exist (Stedinger and Tasker, 1985) . To solve these problems, Tasker (1980) used a weighted least-squares estimator to correct for unequal record length. Later, Stedinger and Tasker (1985) developed a generalized least-squares estimator that accounts for cross-correlation among sites as well as for unequal record length. Both the weighted leastsquares and generalized least-squares estimators assign each station a different regression weight to improve model accuracy. Where the ordinary least-squares assumptions were violated it has been shown that weighted least-squares and generalized least-squares estimators are appropriate and provide reduced standard errors of estimate for the regression equations (Stedinger and Tasker, 1985) .
For the regression analysis, the peak discharges for specified recurrence intervals were the dependent variables and the drainage-basin and climatic characteristics were the independent variables. The multiple regression technique requires that dependent and independent variables be linearly related. Examination of the flood peaks and the basin and climatic characteristics along with previous studies (Thomas and Benson, 1970) , has shown that the logarithmically transformed characteristics are linearly related. Therefore, the variables in this study were transformed by using the common (base 10) logarithm.
After transforming the variables, the first step of the regression analysis was to determine the significant independent variables for each peak-discharge characteristic. This was done by using correlation and stepwise regression procedures. Correlation measures the degree of linear relation between two variables. In addition to calculating the degree of correlation between the dependent and independent variables, correlations between all pairs of independent variables were also determined. Because high correlation between two independent variables tends to reduce the statistical significance of each variable involved in regression analysis, only the more significant and reliable one should be retained.
The stepwise regression procedure was used to determine the most statistically significant predictor variables. In this procedure, variables are added or deleted one by one into the regression model according to their level of significance for entry and retention (Draper and Smith, 1981) . In this study, an entry and retention significance level of 0.05 (5 percent) was used in the stepwise regression F-test to limit the number of variables. Also, the use of the 5-percent significance level generally limited the final regression equations to two or three variables. The stepwise procedure was run for each recurrence interval (2-, 5-, 10-, 25-, 50-, 100-year) for the whole island and all the individual regions that were identified.
In choosing variables and regions, a study of the standard error of estimate in percent (%SE) and the coefficient of determination, /? 2 , was done on the stepwise regression results. The %SE is the measure of model error and lack of fit of the regression equation, while the R 2 is the fraction of the total variability of the observed dependent variables explained by the independent variables. In general, use of statistically significant predictor variables minimized the %SE and maximized R 2. The chosen variables were then used to develop the regression equations. The resulting regression equations have the form:
where: Qt = a flood of t (years) recurrence interval, Xi, X2,..., Xn = basin and/or climatic characteristics, a = the regression constant, M, 62,..., bn = the regression coefficients or exponents of the basin and/or climatic characteristics, and BCF = the bias-correction factor.
The bias-correction factor is used to correct for retransformation bias that results when the logarithmic transformation is used. The use of the bias-correction factor will give the mean value of predicted discharge, while not using the bias-correction factor will provide the median value. Because peak discharge is lognormally distributed about the regression curve (Choquette, 1988) , the use of the bias-correction factor will result in a more conservative estimate of peak discharge. In this study the bias-correction factor was determined by the "smearing estimate" (Duan, 1983 ).
The generalized least-squares estimator in the GLSNET program in ANNIE (Lumb and others, 1990; G.D. Tasker, written commun., 1990) was then used to compute the final regression equations. The final models were checked to ensure that all independent variables were statistically significant, the coefficients of the independent variables were hydrologically reasonable, correlation between independent variables was not significant, the standard error was minimized, the coefficient of determination was maximized, overly influential observations were not present, and that residual variances were constant.
REGIONALIZATION OF FLOOD-FREQUENCY ESTIMATES
Regional analysis is a procedure of extending streamflow records in space (Riggs, 1973) . Because streamflow records are collected at only a few of the many sites where information is needed, streamflow characteristics are commonly estimated at ungaged sites using information obtained from gaged sites. Regional analysis may also produce improved estimates of the flow characteristics at the gaged sites (Riggs, 1973) .
For regional analysis, basins with similar flood response or characteristics are grouped into homogeneous regions. Homogeneity of the region's flood characteristics can reduce errors in estimates of peak flood discharge for gaged and ungaged sites, whereas heterogeneity can increase the estimation error in these flood estimates (Lettenmaier and others, 1987) . The simplest method of regionalization has been to group basins geographically. However, continuous geographical regions are not a guarantee of homogeneity since adjacent basins can be physically very different (Wiltshire, 1985) .
A regression analysis with all 79 stations was conducted with the peak flood estimates as the dependent variables. The significant independent variables were drainage area, 2-year, 24-hour rainfall intensity, and mean basin altitude for the 25-, 50-, and 100-years floods. The equations for the 2-, 5-, and 10-years floods differed by having median annual precipitation instead of the 2-year, 24-hour rainfall intensity as an independent variable. The residuals in log units from the 50-year recurrence interval equation were chosen to be used for regionalization. Drainage basins were grouped together in this study by using the method of residuals. The method of residuals involves classifying basins into regions using the sign and magnitude of the residuals (differences in predicted and observed peak discharges), basin and climatic conditions, and hydrologic judgment. The method of residuals assumes that the general trends in the residuals reflect inherent variations in the flood response of various regions (Bhaskar and O'Conner, 1989 ). Thus, residuals with similar sign and magnitude are assumed to represent regions with similar flood characteristics and are grouped together (Choquette, 1988) . In practice, regions commonly follow geographical or political boundaries. Because of the subjective nature of this method, Tasker (1982) proposed the use of the Wilcoxon signed-ranks test to provide some objectivity. This non-parametric test is used to compare residuals between regions to determine if the apparent grouping of the residuals represent consistent differences in the residuals and flood response (Choquette, 1988) . The Wilcoxon signedranks test does not statistically verify the regions but provides a quantitative index as a guide for defining "homogeneous" regions (Choquette, 1988; Tasker, 1982) . In addition to the Wilcoxon signed-ranks test, the regression equations for all regions were tested to insure that they met the regression requirements stated above.
The residuals in log units from the 50-year recurrence interval equation, were plotted on a map of Oahu. On the basis of this residual plot, a number of geographically continuous regions were determined. These regions were then checked by the Wilcoxon signed-ranks test and by regression analysis. For the Wilcoxon signed-ranks test, all the various groupings failed at the 0.10 (10 percent) significance level. Failure of the Wilcoxon signed-ranks test indicates that the residuals for the individual regions are not statistically different from those of the island as a whole. In other words, based only on the Wilcoxon signed-ranks test, failure indicates that subdivision of the island into regions is not called for. Groupings based on previous studies (Yamanaga, 1972; Nakahara, 1980; Wong, 1991) were also tested by the Wilcoxon signed-ranks test and regression analysis. Using the current data, all of these previous groupings also failed the Wilcoxon signed-ranks test. Data from some of the previous and current groupings, including the island as a whole, when checked by regression analysis, resulted in poor equations with high standard errors or violated the regression assumptions. A grouping was found however, that while not passing the Wilcoxon signedranks test, did provide regression equations with smaller uncertainties than the equations for the island as a whole. The improvement in regression equations justifies this grouping, dividing Oahu into three regions, each region with regression equations that met the regression requirements stated above. These three regions are leeward Oahu, including stations 200000 through 247900 and 343000; windward Oahu, including stations 248800 through 294900; and north Oahu, including stations 296500 through 350000. The divides between the delineated regions were extended to the coast as shown in figure 1.
REGIONAL REGRESSION EQUATIONS
For the three regions, regression equations, biascorrection factors, standard errors of estimate and prediction, and equivalent years of record are given in tables 6 through 8. The standard errors of estimate for all the regression equations range from 27 to 58 percent. The average standard error for these equations was 39 percent.
LIMITATIONS AND ACCURACY OF REGRESSION EQUATIONS
The regression equations in tables 6 through 8 apply only to streams where peak discharge is not significantly affected by diversions, regulations, or urbanization. As mentioned, diversions were considered significant at stations where the measured diversions exceeded 30 percent of the mean daily discharge on the day of the annual peak discharge, significant regulation was defined as having a floodcontrol reservoir controlling more than 50 percent of the drainage-basin area, and urbanization was measured as the percentage of urban cover. Most streams on Oahu flow through unaltered channels in their upper reaches and then through residential or urban areas in the lower reaches before discharging into the Pacific Ocean. Most gaging stations are located near these residential and urban areas, so that some effects of these alterations are present in the gaged record. For ungaged basins where streamflow is affected by significant urbanization, peak discharges can be estimated according to the methods of Sauer and others (1983) . Significant urbanization in this study is defined as any basin having an urban cover of greater than 36%. As part of this study, flood-peaks for basins with urban cover were compared with nearby non-urban basins. No significant trends or differences in the peak discharges were noted. Thirty-six percent was the highest value of urban cover (table 5) measured for any of the basins used in this study.
The standard error of estimate, expressed as a percentage (%SE), is an approximate measure of the reliability of the regression equation. The standard error of estimate is a measure of the model error, whereas the Tasker, oral commun., 1990) . The standard error of prediction was determined by the GLSNET program in ANNIE (Lumb and others, 1990; G.D. Tasker, written commun., 1990) . The standard error can also be expressed as the number of equivalent years of record (EQ) needed at the ungaged site to achieve the reliability of the regression equation (Hardison, 1971) . The equivalent years of record, EQ , is calculated by the equation in Hardison (1971) as applied by the GLSNET program (G.D. Tasker, written commun., 1990 ). This equation is: (2) where: EQ = the equivalent years of record associated with the regression equation; K2 = a factor based on the mean skewness of the logarithms of the annual series of flood peaks at all stations in a hydrologic region and based on the recurrence interval, which relates the standard error associated with a given recurrence interval to the mean standard deviation of the logarithms of the annual peaks in a region and the number of annual peaks; SD = the mean standard deviation of the logarithms of the annual peaks at all stations in a hydrologic region; and SEp = the standard error of prediction, in log units, associated with a regression equation.
The standard errors of the regression models apply only to streamflow estimates for basins that have values of the independent variable(s) within the range of those values used to derive that equation. For the equations in tables 6 through 8, statistical characteristics of the independent variables are shown in table 9. The use of the regression equations that have values outside the range shown in table 9 can result in potentially large extrapolation errors.
DISCUSSION OF EQUATIONS AND REGIONS
The regression equations for the leeward Oahu region (table 6) have two significant variables, drainage area and median annual rainfall. The drainage basins in the leeward region generally are similar to the long, Vshaped basin shape, however, drainage basins along the Waianae Coast are similar to the short, broad basins in shape, but are larger in area. The leeward region has the highest average drainage areas of all the regions (table 9) because the region includes the two largest drainage basins on Oahu (gaged by stations 213000 and 210500), which cover most of the central area of Oahu.
In the windward Oahu region (table 7) , drainage area is the only significant variable in all the regression equations. The windward region contains essentially the same area as the windward regions determined by Wu (1967) , Yamanaga (1972) , Nakahara (1980), and Wong (1991) . All of these windward regions differ only by the assignment of a few gaging stations. The drainage basins in the windward region are the smallest in average drainage area (table 9) of the three regions. Drainage basins in this region generally are short, broad basins. The headwaters of these basins all start along the steep cliffs of the Koolau Range ( fig. 1 ).
The equations for the north Oahu region (table 8) contain two variables, drainage area and the 2-year, 24-hour rainfall intensity. The drainage basins in the north Oahu region generally are long, V-shaped basins and are similar to those in the leeward Oahu region. The equations also are similar to those for the leeward Oahu region, except that 2-year, 24-hour rainfall intensity replaces median annual rainfall.
SENSITIVITY ANALYSIS
Because the drainage-basin and climatic characteristics used in the regression equations must be computed from maps or other data sources, possibilities exist for error in measurement and judgment. To determine how much error can be introduced by computation error, a sensitivity analysis was done as described by Lumia (1991) . The 50-year peak discharge was computed by the regression equation using the mean values (table 9) of the relevant basin and climatic characteristics for that region. This value represents the "base" 50-year flood. The mean values of the basin characteristics were then changed by increasing and decreasing each value by 10, 20, and 30 percent. The resulting percentage of change in the 50 -year peak-discharge estimates are shown in table 10. For the two-variable equations, one basin characteristic was held constant at the mean value while the other varied. Table 9 . Statistical summary of selected drainage-basin, climatic, and flood-frequency characteristics by regions for Oahu, Hawaii Table 10 . Results of sensitivity analysis showing percentage of change in computed 50-year peak discharges within each of the three hydrologic regions on Oahu, Hawaii [DA, drainage area; P, median annual rainfall; P224, 2-year, 24-hour rainfall intensity]
Change in computed 50-year peak discharge (percent) _____Error in explanatory variable (percent)_____ Explanatory variable Results from table 10 show that for the north Oahu region, the 50-year peak-discharge equation is about twice as sensitive to possible 2-year, 24-hour rainfallintensity error than to drainage-area error. The opposite is true in the leeward Oahu region where the percentage of change in the computed 50-year flood is about twice as large with possible drainage-area error than with possible errors in median annual rainfall. The windward Oahu region, with drainage area as the only variable, had equations as sensitive to variations in drainage area as did the other two regions. In general, likely errors in measurement would not be greater than plus or minus 10 percent.
COMPARISON OF WEIGHTED AVERAGE 100-YEAR DISCHARGE ESTIMATES WITH OTHER METHODS
Because new regression equations were derived to estimate peak discharges, a graphical comparison was made to see how these equations compare with other methods of estimating peak discharge. This comparison could help to determine which method is best for a particular application. The graphical comparisons were made by plotting the weighted average 100-year peakdischarge estimates, which were determined by equation 3 below, against the maximum known discharge (table 3) and the peak-discharge estimates determined by Bulletin 17B methods (Interagency Advisory Committee on Water Data, 1982), the 1988 storm drainage standards (City and County of Honolulu, 1988) , and the 100-year peak-discharge regression equations of Nakahara (1980) . The data used in these comparisons can be found in tables 3 and 11. The plotted data and lines of equal value are shown in figure 4. Figure 4A shows the weighted average 100-year peak-discharge estimates compared with the maximum known discharges. Most of the discharges fall above the line of equal value showing that most of the weighted 100-year estimates are greater than the maximum known discharges. Only 9 of the 79 gaging stations have maximum observed discharges greater than the weighted average 100-year estimates. These are for stations 229000,240500, 247900,275000, 283000, 283600, 283700, 284000, and 303000 (table 3). The lengths of record for these 9 stations range from 19 to 72 years, and have an average of 42 years (table 1).
In figure 4B , the weighted average 100-year peakdischarge estimates are plotted against the 100-year peak discharges determined by Bulletin 17B methods (Interagency Advisory Committee on Water Data, 1982). As can be seen, most of the points fall along the line of equal value. This was expected because the Bulletin 17B 100-year discharge estimates are the observed data used to develop the 100-year peakdischarge regression equations in tables 6 through 8. The weighted average estimates are higher, however, in the region around 1,000 ft3/s ( figure 4B ). Figure 4C shows the weighted average 100-year peak-discharge estimates plotted against the discharge estimates determined from plate 6 in the 1988 storm drainage standards (City and County of Honolulu, 1988) . The estimates from plate 6 are listed in table 11. Most of the 77 discharge estimates fall below the line of equal value in figure 4C . This shows that most of the City and County discharge estimates are greater than the weighted average 100-year peak-discharge estimates. Of the 23 discharge estimates that fall above the line of equal value, 12 are from sites located in leeward Oahu and 11 from windward Oahu. Figure 4D shows the weighted average 100-year peak-discharge estimates plotted against the 100-year peak-discharge estimates from the regression equations of Nakahara (1980) . This figure shows that the equations of Nakahara (1980) provide estimates that generally are larger than the weighted average 100-year peak-discharge estimates from this study. Only 27 of the 72 estimates fell above the line of equal value. In comparing the regression equations between these two studies, in Nakahara's (1980) report, the %SE varied from 33 to 67 percent, and averaged 48 percent. The regression equations from this study had an average %SE of 39 percent. This results in a difference between the averages of about 9 percent in the %SE. Thus, the addition of 10 years of data along with improved computational techniques has improved in %SE of the regression equations.
ESTIMATION OF PEAK DISCHARGE USING REGRESSION EQUATIONS
This section provides methods and examples for computing a peak discharge for a selected recurrence interval at a specific site. Two methods are provided for use depending on if the site is gaged or ungaged. Both methods use the regression equations in tables 6 through 8 for estimating peak discharges on Oahu. The use of the regression equations apply only under the conditions described in the accuracy and limitations section.
GAGED SITES
The regression equation for each region was applied to the gaged sites in that region and the resulting peakdischarge estimates are listed in table 3. At gaged sites, two peak-discharge estimates are available, one from the frequency curves based on gaged record and the other from the regression equations. Another estimate would be to combine them. Combining the estimates provides a regional adjustment to the gaged record. To combined estimates, a weighted average of the peak discharges was used. The equation outlined in Choquette (1988) and described below weighs the two peak estimates by record length in years. By combining the regression and gaged record peak-discharge estimates, time-sampling errors at sites with short record lengths are reduced, providing an improved estimate of peak discharge. Weighted average peakdischarge values have been computed by equation 3 below for all 79 gaged sites used in this study and are shown in table 3. The weighting equation for peak discharges at gaged stations is:
where: (?^ = the weighted average peak discharge, in cubic feet per second, for the t-year recurrence interval; Qt = the t-year peak discharge, in cubic feet per second, computed from the gaged record; Qt = the regional regression estimate, in cubic feet per second, from the equation for the t-year peak discharge; N = the number of years of gaged record at the station (table 1) ; and EQ = the equivalent years of record associated with the regression equation (tables 8-10).
UNGAGED SITES
The purpose of regional analysis is to transfer flood-frequency data spatially. This is done by using the derived regression equations for ungaged basins. Flood estimates for ungaged sites are determined from the regression equations in tables 8 through 10 depending on the region in which the ungaged basin lies. If an ungaged site is near a gaged site on the same stream, Thomas (1987) provides four equations that use both the regression equation estimate and the discharges from the flood-frequency analysis of the gaged record. A criterion for using these equations requires that the drainage area of the ungaged site be within 50 to 150 percent of the drainage area of the gaged site. These equations were evaluated for applicability to streams on Oahu by using four pairs of gaged sites that met the drainage-area size criterion. The equation providing the best results was that originally presented by Sauer (1973) . This equation is: (4) where: Qtu = the final t-year peak discharge, in cubic feet per second, for the ungaged site; Cu = an adjustment factor defined as:
estimate of Qtw for the gaged site to the regression estimate of Qtf for the gaged site; DA g = the drainage area, in square miles, of the gaged site; DA U = the drainage area, in square miles, of the ungaged site; = the absolute value of the difference between the gaged and ungaged drainage areas; Qr = the regression estimate of Qt , in cubic feet per second, at the ungaged site.
A note in using equation 5: The ratio Cu approaches 1.0 when the drainage area of the ungaged site approaches either 50 or 150 percent of the drainage area of the gaged site. When the drainage area of the ungaged site is more than 50 percent smaller or larger than that of the gaged site, no adjustment is applied to the regression estimate to account for the data at the gaged site.
SAMPLE COMPUTATIONS
The following examples illustrate the use of the methods described in this report for estimating peak discharges at gaged and ungaged sites. Example 1. Gaged site: Estimate the 50-year peak discharge at Moanalua Stream near Honolulu (station 228000).
First, check to see if site is affected by significant diversions, regulations, or urbanization. Next, determine in which region the station is located.Station 228000 is in the leeward Oahu region ( fig. 1 ) and is not affected by significant diversions, regulations, or urbanization. Table 6 gives the equation for the 50-year peak flood as:
where: R = the ratio of the weighted discharge with an equivalent years of record (EQ) of 13.7. The basin characteristics needed are drainage area (DA) and median annual precipitation (P), which for station 228000 are 2.73 mi2 and 124 in., respectively ( First, check to see if this site is affected by significant diversions, regulation, or urbanization. Next, determine in which region the ungaged site is located. This site is in the windward Oahu region and there are no significant diversions, regulation, or urbanization present. The equation to estimate the 10-year flood is found in table 9: Qlo = 1,700 (DA°-763 )(l.129). For this ungaged site the drainage area is 1.57 mi 2, which falls within the range of drainage area values given in table 1 3, so that equation 7 can be used. To use equation 4, the drainage area of the ungaged site must fall within the 50-to 150-percent limits of drainage area at the gaged site and be on the same stream. The drainage area of station 294900 is 2.22 mi 2 (table 4) and the 50-to 150-percent lower and upper limits of drainage area are 1.11 to 3.33 mi2. Because the drainage area of the ungaged site falls within these limits, equation 4 can be used. The regression estimate is: I,700(1.57 a763 )(l. 129) = 2,710 ft3/s.
. 129)
If the drainage area were less than 1.11 or greater than 3.33 mi 2, then the final estimate for this ungaged site would be 2,710 ft 3/s. The weighted average estimate at the gaged site, station 294900, is 5,830 ft3/s and the regression estimate is 3,530 ft3/s (table 3) Therefore, the final 10-year peak discharge for the ungaged site, <2ioM ,is <2ioM = Cu (a0r ) = (1.270X2,710) = 3,440 ft 3/s.
SUMMARY
To adequately design bridges, flood control structures, and buildings located in or adjacent to flood plains, a reasonable estimate of flood magnitude and frequency is necessary. Flood-frequency and regression analyses were used to develop equations for estimating the 2-, 5-, 10-, 25-, 50-, and 100-year peak discharges for gaged and ungaged streams on Oahu. Floodfrequency analysis using the log-Pearson Type III distribution was done on 79 gaging stations with 11 to 72 years of record. Regression analysis techniques were used to improve estimates for gaged sites and to transfer gaged-site estimates to ungaged sites. This study differs from past studies by using peak-discharge data collected to water year 1988, additional gaging stations, geographic information systems (GIS) technology, generalized least-squares regression analysis, and updated flood frequency guidelines.
For regression analysis, peak-discharge estimates for selected frequencies determined by applying the logPearson Type III distribution to the peaks of record were related to basin and climatic characteristics. Most characteristics were computed by GIS. The use of GIS was found to be a more convenient and consistent means of defining and calculating basin and climatic characteristics than the manual methods.
To improve the standard errors of the regression equations, Oahu was divided into three hydrologically similar regions. These regions are leeward, windward and north Oahu. Drainage-basin and climatic characteristics included in the regression equations are drainage area and median annual rainfall for the leeward Oahu region, drainage area for the windward Oahu region, and drainage area and the 2-year, 24-hour rainfall intensity for the north Oahu region. Drainage areas for sites used in this study ranged from 0.03 to 45.7 mi 2. Final regression equations were derived using generalized least-squares regression techniques. The use of generalized least-squares regression provided improvements in the regression estimates by accounting for cross-correlation and different record lengths in a set of data for gaging stations in a region. The standard error of estimate for the regression equations given ranged from 27 to 58 percent. Standard error of prediction ranged from 34 to 62 percent. The use of generalized least-squares regression, and other improvements incorporated in this study, reduced the standard error of estimate for the regression equations by an average of 8 percent compared with previously published regression equations. A full discussion on the accuracy and limitations of the regression equations and a sensitivity analysis and sample calculations are given to help apply the derived regression equations.
The results using the derived regression equations were compared graphically with other methods used to estimate peak discharges. The graphical comparisons were made by plotting the weighted average 100-year peak-discharge estimates from the regression equations compared with the maximum observed discharge and estimates of the 100-year peak discharge determined in this study and in two previous studies. The comparison showed that most of the estimates from the regression equations in this study are lower than the peakdischarge estimates based on equations from the other studies. fig. 1 : 1, leeward; 2, windward; 3, north; BW, basin width; CL, channel length; CLD, shape factor; DA, standard drainage area; DAG, GIS drainage area; E, mean basin elevation; FC, forest cover; MR, meander ratio; P, median annual rainfall; P224, 2-year, 24-hour rainfall intensity; PA, shape factor; PER, basin perimeter; RF, shape factor; UC, urban cover; mi, mile; , dimensionless; ft/mi, foot per mile; mi2, square mile; ft, foot; %, percent; in , 210500  211200  211300  211500  211600  211700  211800  212200  212300  212450  212500  212601  212700  212800  213000  216000  216500  223000  224500  226000  227000  228000  228200  228500  228600  228900  229000  229300  235400  237500  238500  240500  244000 
